T he multifunctional adhesion molecule CD44 is a major cell-surface receptor for hyaluronic acid (HUA). Recent data suggest that it may also bind the ubiquitous bone-matrix protein, osteopontin (OPN). Because OPN has been shown to be a potentially important protein in bone remodelling, we investigated the hypothesis that OPN interactions with the CD44 receptor on bone cells participate in the regulation of the healing of fractures. We examined the spatial and temporal patterns of expression of OPN and CD44 in healing fractures of rat femora by in situ hybridisation and immunohistochemistry. We also localised HUA in the fracture callus using biotinylated HUA-binding protein.
The healing of fractures is a complex morphogenetic process involving the co-ordinated participation of many types of osteoblastic and osteoclastic cell. 1 The control of such morphogenetic events requires regulatory interactions between different types of cell and between the cells and the extracellular matrix. 2 Recent studies have
shown that several cell-surface receptors for extracellular matrix molecules are present on osteoblasts and osteoclasts and can regulate their activity. [3] [4] [5] [6] [7] The cell-matrix interactions mediated by these receptors may have an important role in normal bone metabolism and in the healing of fractures. Osteopontin (OPN), a secreted glycosylated phosphoprotein, is one of the major non-collagenous proteins of bone extracellular matrix. It binds with high affinity to hydroxyapatite, possibly through its asparatic acid-rich region, and it has been suggested that it participates in physiological tissue mineralisation. 8 In addition, OPN also interacts with the vitronectin receptor (␣v␤3 integrin) on osteoclasts through its Arg-Gly-Asp (RGD) sequence, implicating it as a potentially important participant in bone resorption. 7, 8 Analyses by in situ hybridisation have shown that OPN mRNA is expressed by osteoblasts, osteocytes and hypertrophic chondrocytes in normal skeletal tissues of mice 9 and rats 10, 11 as well as by osteoclasts in human osteophytes. 12 OPN mRNA is also expressed by cells surrounding the osteotomised sites of rat femora. 13 These findings suggest that OPN, a multifunctional protein, may be involved in normal bone turnover as well as in the repair of skeletal tissue. Nevertheless, the physiological significance of OPN in skeletal tissues has not been fully elucidated.
Recently, OPN was found to serve as a ligand for the transmembrane glycoprotein CD44. This interaction induced chemotaxis in mouse embryonic fibroblasts. 14 CD44 has been described as a cell-surface receptor for hyaluronic acid (HUA), 15 but it also binds other extracellular matrix components including collagens types I and VI 16 and fibronectin. 17 It is widely distributed and is expressed in many cell types including haematopoietic and epithelial cells. 18 In skeletal tissues, CD44 was identified on osteoclasts and osteocytes in adult and growing rat tibiae, 3, 4 implicating it as a mediator of cell-matrix interactions in bone. We hypothesised that interactions between OPN and CD44 may be of importance during the healing of fractures. We have therefore analysed the spatial and temporal distributions of OPN mRNA and CD44 protein within fracture callus by using a standardised rat fracture model. Particular attention was paid to the location of bone-resorbing osteoclasts, and the associations between cells expressing the gene for OPN and those on which CD44 is distributed.
Materials and Methods
Fracture model and tissue preparation. We used 34 male Sprague-Dawley rats weighing approximately 400 g each. A standard closed mid-diaphyseal fracture was produced in the right femur of each rat by the method of Bonnarens and Einhorn. 19 The animals were killed at 3, 7, 10, 14, 21 and 28 days after operation by an intracardiac injection of 4% paraformaldehyde after anaesthesia with ketamine and xylazine. The fractured femora were fixed with 4% paraformaldehyde and 0.1M phosphate-buffered saline at a pH of 7.0 at 4°C for 24 hours. After a radiograph had been taken, the tissue was decalcified at 4°C with 20% formic acid or with 0.25M EDTA and 0.05M Tris-HCl, at a pH of 7.0 to 7.2, then bisected sagittally in the median plane, and embedded in paraffin. Midsagittal sections 4 µm thick were stained with haematoxylin and eosin and Toluidine Blue at pH 4.1. In situ hybridisation. We prepared digoxigenin-11-UTPlabelled single-strand RNA probes (antisense and sense probes) for rat OPN (259 to 1025, 767bp) and carried out in situ hybridisation as previously described. 9, 20 After signal detection, sections were counterstained with Safranin-O. For the identification of osteoblasts, they were also hybridised with an antisense probe for rat osteocalcin (OC) (218 to 346, 129bp) also as previously described. 20 The sense strand probes were used to exclude the possibility of nonspecific signals.
Immunohistochemistry. We performed immunohistochemical staining as previously described. 21 Sections were reacted with a monoclonal antibody against rat CD44 (clone: MRC OX-50) (Serotec, Kidlington, UK). Signals were detected using diaminobenzidine (DAB). In some instances, the DAB chromophore was enhanced with DABenhancing solution (Vectastain, Burlingame, California) 1A) .
In both the soft and hard callus, there was no signal when the OPN sense probe was used (Fig. 1D ). On day 7, the thickness of the hard callus increased as the intramembranous ossification proceeded. TRAP-positive multinuclear cells (mature osteoclasts) were detected on the surface of the trabecular bone in the deep layer of the hard callus, indicating that remodelling of the callus had begun in these tissues at this stage of healing of the fracture. A moderately intense signal for OPN was seen in the hard callus, predominantly in the deep layer ( Fig. 2A) . OPN mRNA-expressing cells were identified as osteocytes within the bone matrix (Fig. 2C, arrowheads) . OC mRNA was also expressed in the hard callus (Fig. 2B ), but in contrast to day 3, its pattern of expression was different from that for OPN. OC mRNA was expressed in osteoblasts on the surface of trabecular bone (Fig. 2D ). In the soft callus abundant cartilage tissue could be seen adjacent to the hard callus. Both proliferative and early hypertrophic chondrocytes were present at this stage, but none of these chondrocytes expressed OPN mRNA (data not given).
At approximately day 10 after fracture, cartilage tissue in the soft callus began to be replaced by trabecular bone and the hard callus expanded towards the fracture gap. On day 14, the hard callus showed a wedge-shaped morphology in the sagittal plane (Fig. 3A) . A characteristic pattern of OPN mRNA expression was seen within the callus in that OPN mRNA-expressing cells were not uniformly distributed, but were restricted to discrete areas (Fig. 3B ). Late hypertrophic chondrocytes at the cartilage-bone transitional area also expressed OPN mRNA (Fig. 3D, arrowheads) . This pattern of distribution for OPN mRNA clearly differed from that for OC mRNA. The OC signal was detected in osteoblasts of the secondary but not the primary spongiosae (Fig. 3E) . Under high-power magnification, the OPN signal was detected in both osteocytes and osteoclasts (Fig. 3C ) and these OPN mRNA-expressing cells were in close contact with each other. OPN-positive osteoclasts (Fig. 3C, arrows) were seen adjacent to bone surfaces in the vicinity of OP-positive osteocytes (Fig.  3C, arrowheads) . In contrast, the OC signal was specifically localised in cuboidal osteoblasts (Fig. 3F) . After day 21, osseous bridging occurred over the site of the fracture and remodelling of the hard callus continued. A moderate to weak OPN signal was still seen in osteocytes and osteoclasts in some restricted areas of the hard callus, as had been observed on day 14 (data not given). Immunolocalisation of CD44. On day 3 after fracture, moderately intense immunoreactivity for CD44 was detected in some polygonal cells located in the non-calcified area of the subperiosteal callus ( Figs 4A and 4B ). Faint staining for CD44 was also seen in osteoprogenitor cells on the surface of woven bone as well as in cells embedded in the bone matrix. Cells in the proliferating periosteum did not react with antibody to CD44 (Fig. 4A) .
On day 7, CD44 staining was seen in some fibroblastic cells of the soft callus (Fig. 4C ), but chondrocytes in the soft callus, identifiable by metachromatic staining with Toluidine Blue at pH 4.1, were negative for CD44. In the deep layer of hard callus, where remodelling had begun, the surfaces of the osteoclasts were stained with antibody for CD44 (Fig. 4D, arrows) , but osteocytes embedded in the bone matrix as well as osteoblasts on the surface of trabecular bone showed only a faint immunoreactivity for CD44 (Fig. 4D) .
After day 7, remodelling of the callus gradually progressed, and it was possible to detect the typical morphological features of osteoblasts, osteocytes, osteoclasts and chondroclasts. In the hard callus on day 14, the cell surface and canaliculi of the osteocytes showed relatively strong immunoreactivity for CD44 (Fig. 4E, arrows) but this was not seen in the cuboidal osteoblasts (Fig. 4E, arrowheads) . Figure 3B . An area shown in E is a similar field to that in B. Figure 3B -OPN mRNA-expressing cells are not uniformly distributed, but are restricted to discrete areas of the hard callus. The areas in the boxes are enlarged in Figures 3C and 3D , respectively. Figure 3C -The OPN signal is detected in osteocytes (arrowheads) and osteoclasts (arrows). OPN-positive osteoclasts attach to the bone surface or migrate in pits in the vicinity of OP-positive osteocytes. Figure 3D -The OPN signal is detected in late hypertrophic chondrocytes (arrowheads). Figure 3E -OC mRNA-positive cells are uniformly distributed in the secondary spongiosa of the hard callus. The area of the box is enlarged in Figure 3F and the OC signal is detected in cuboidal osteoblasts (FS, fracture site; HC, hypertrophic chondrocytes; bars in A = 500 µm, in B and E = 200 µm, in C, D and F = 50 µm).
Similar patterns of staining for CD44 were observed in the trabeculae of the hard callus until day 28 after fracture ( Fig.  4H ). In the mature trabecular bone after day 21, intense staining for CD44 was detected on the apical surface of osteoclasts (Fig. 4F, arrows) , but not on the basal resorbing surface of the cells. Intense CD44 immunostaining was also shown on the surface of chondroclasts located along the ossification front (Fig. 4G, arrows) , whereas no staining for Immunohistochemistry for CD44 on day 3 (A, B), day 7 (C, D), day 14 (E), day 21 (F, G) and day 28 (H) after fracture. Figure 4A -There is CD44 immunostaining in the subperiosteal hard callus. Figure 4B -The area of the box is enlarged and shows CD44 staining in some polygonal-shaped cells in a non-calcified area of the subperiosteal callus. Figures 4C and 4D -There is CD44 staining in some fibroblastic cells in the soft callus (C) and on the surface of multinuclear cells of the hard callus (D, arrows). Figure 4E -In the hard callus the cell bodies and canalicular processes of osteocytes are CD44-positive (arrows), whereas osteoblasts are negative for CD44 (arrowheads). Figure 4F -Intense CD44 staining is detected on the basolateral plasma membrane of osteoclasts in the hard callus (arrows). Figure 4G -At the front of endochondral ossification the CD44 protein is localised on chondroclasts (arrows). Figure 4H -In hard callus CD44 staining is detected in osteocytes (arrows), but not in typical cuboidal osteoblasts (arrowheads) (C and E, DAB-enhanced; PO, periosteum; CB, cortical bone; WB, woven bone; HC, hypertrophic chondrocytes; bars in A = 200 µm, in B to F = 50 µm).
CD44 was seen in hypertrophic chondrocytes (Fig. 4G) . Distribution of hyaluronic acid. From day 3 to day 28 after fracture, relatively strong labelling of HUA was detected in capsule-like fibrous tissues covering the periosteum (Figs 5A, 5B, 5E and 5G, arrowheads). In the hard callus on day 3, moderately intense labelling of HUA was found in the loose connective tissues under the periosteum ( Figure 5D -The area of the box is enlarged which shows HUA-positive non-calcified loose connective tissues in the superficial layer of the hard callus. Figure 5E -Low-power photomicrograph of HUA labelling. Figure 5F -The area of the box showing endochondral ossification is enlarged and shows intense HUA labelling in the intercellular matrix of hypertrophic chondrocytes. Figure 5G -Low-power photomicrograph of HUA labelling. Figure 5H -The area of hard callus in the box is enlarged and shows a cortical bone-like structure, with HUA labelling within the lacunae of osteocytes (FS, fracture site; PO, periosteum; CB, cortical bone; HC, hypertrophic chondrocytes; bars in A, E and G = 500 µm, in B and C = 200 µm, in D, F and H = 50 µm).
rounded by woven bone. Little HUA labelling was seen in the proliferating periosteum and the subperiosteal woven bone (Fig. 5B) . In the soft callus at this stage, the intercellular matrix was diffusely labelled with HUA (Fig.  5A) .
In the superficial layer of hard callus on day 7, the noncalcified loose connective tissues surrounded by bone were HUA-positive ( Figs 5C and 5D ) as was observed on day 3. In contrast, there was little HUA labelling in the deep layer of the hard callus (Fig. 5C) , where TRAP-positive multinuclear cells were present and callus remodelling was underway.
On day 14, most of the hard callus contained haematopoietic marrow and there was little HUA labelling in the hard callus (Fig. 5E ). In the soft callus at this stage, intense HUA labelling was found in the intercellular matrix surrounding hypertrophic chondrocytes (Fig. 5F ). No HUA labelling was seen in the matrix around proliferating chondrocytes.
From day 21, a part of the hard callus, especially beneath the periosteum, began to show a cortical bone-like structure (Fig. 5G) . In this area, labelling for HUA was first detected within the lacunae of osteocytes (Fig. 5H) . In the deep layer of hard callus where predominantly a trabecular bone structure had developed, it was not possible to detect intracellular labelling for HUA at any of the stages of healing of the fracture (Fig. 5G ).
Discussion
Role of osteopontin during fracture healing. In our study we found that OPN mRNA was preferentially expressed in the mineralisation and remodelling phases of the healing of fractures although with clearly distinct patterns of expression in each. In the mineralisation phase, OPN mRNA expression by osteoprogenitor cells at the early stage of the formation of subperiosteal callus resembled the pattern seen in developing mouse calvariae and mandibulae. 9 In those tissues, OPN mRNA was localised in cells in the mineralising tissues. The expression of OPN by osteoblasts in advance of mineral deposition and its co-localisation with calcified sites in bone and in pathological lesions of breast cancer 22 and atherosclerotic plaques 23 have suggested that OPN is a regulator of the mineralisation process. Its precise function remains unclear, however, because both inhibitory and stimulatory effects of OPN on nucleation and growth of mineral crystals have been reported. [24] [25] [26] During the remodelling phase in hard callus, OPN was expressed not by osteoblasts, but by cells associated with tissue turnover. We detected OPN mRNA in osteoclasts associated with trabecular bone surfaces and in distinct groups of osteocytes near the OPN-positive osteoclasts. This distribution clearly differed from OC, which was specifically localised in cuboidal osteoblasts. We found a similar pattern in remodelling soft callus, where OPN mRNA was localised to mature hypertrophic chondrocytes near multinucleated chondroclasts. Thus, a change in the cell types which expressed OPN mRNA occurred during maturation of callus. This pattern of site-and stage-specific expression suggests that OPN may also play a distinct functional role during the healing of fractures.
Previous reports have suggested that OPN is involved in the resorption of non-injured bone. OPN mRNA expression by osteoclasts was shown in trabeculae of the femur 10 and tibia 11 of adult rats, while human osteoclasts were shown to express OPN mRNA and deposit OPN on to resorption surfaces of trabecular bone. 12 OPN expression by osteocytes in rat trabecular bone was also seen after ovariectomy, and was apparently correlated with remodelling activity. 11 The preferential expression of OPN mRNA in fracture callus by groups of osteocytes and by adjacent osteoclasts further supports the idea that osteocytes are active participants in the control of bone metabolism. 27 The distribution pattern also suggests that these groups of osteocytes are acting in a co-ordinated fashion, a likely consequence of their organisation into networks linked by gap junctions. 28 As in bone formation, the function of OPN in bone turnover has yet to be fully established. It has been proposed to anchor osteoclasts to bone based on its association with osteoclasts in situ 29 and its ability to support integrinmediated adhesion and osteoclast activation. 7 Our data are consistent with this function for OPN in fracture callus, but raise the possibility that it may have other roles as well. Possible interaction of CD44 with osteopontin and hyaluronic acid during fracture healing. As expected from its widespread distribution, we found CD44 to be expressed by several cell types in fracture callus throughout the healing process, with an immunostaining pattern which often indicates localisation on the cell surface. In remodelling hard callus, a considerable amount of CD44 was localised to osteoclasts and osteocytes including their canalicular processes, but typical cuboidal osteoblasts did not show CD44 expression. These findings are consistent with previous data on CD44 localisation in normal tibiae of adult and newborn rats. 3, 4 Of particular interest, however, was the apparent codistribution of CD44 with OPN mRNA in osteoclasts and in nearby groups of osteocytes. This pattern suggests that the same cells may produce both OPN and CD44 and also raises the possibility that OPN may interact with osteoclasts not only through integrins 7 but also through CD44. The report that OPN-CD44 interactions triggered chemotaxis in fibroblasts 14 indicates that this can alter cell-matrix adhesion. We suggest therefore that OPN binding to CD44 may facilitate movement of osteoclasts as they form resorption pits on trabecular surfaces. It is also possible that the OPN-CD44 interactions may be involved in the communication between osteocytes and between osteocytes and osteoclasts on bone surfaces. Since OPN is a secreted protein and a major non-collagenous component of bone matrix, the distribution of OPN protein in our rat fracture model needs to be evaluated by immunohistochemistry. A precise localisation of OPN protein, in addition to that of CD44 protein, would give us clues to the further clarification of the OPN-CD44 interactions during the healing of fractures. HUA is known to be a ligand for CD44 in a variety of tissues including those of the musculoskeletal system. 15 Noonan et al 4 demonstrated the co-localisation of CD44
and HUA in osteocytes and osteoclasts of the proximal tibiae of weanling rats, suggesting that CD44 is an HUAbinding protein in bone tissues. We found HUA to be distributed abundantly at many sites throughout fracture callus including regions of fibrous connective tissue, the intercellular matrix of hypertrophic cartilage and the lacunae of osteocytes from regions resembling cortical bone. We found little HUA, however, in remodelling hard callus where CD44 was present. These findings suggest that OPN rather than HUA is the predominant ligand for CD44 in this region of callus. The functional consequences resulting from CD44 binding to OPN rather than to HUA have yet to be determined but our data suggest that such a transition may be associated with the onset of bone remodelling.
